Abstract: Modeling the biology of forest ecosystems has been devoted to a combination of theoretical and empirical approaches representing the function of a forest ecosystem generally within an undefined spatial context. Moving to a large spatial context will require the use of theoretical representations of critical ecosystem functions that can be represented on an individual cell basis. A Spatial Alaskan Forest Ecosystem Dynamics (SAFED) model was developed that is based on the nitrogen productivity concept for forest growth, litter fall quality, and microbial efficiency for forest floor decomposition. Climate and ecosystem disturbances were handled as restricted stochastic processes. The restriction was based on known state-factor relationships. The state factors are used to describe a broad-scale classification of the landscape to define basic limitations for the randomly derived driving variables used in the model. The model has been programed as ARC/INFO macro language within the GRID package. The current version of the model has been verified as functional from an individual tree basis (1-m 2 cell size) within an old-growth white spruce (Picea glauca (Moench) Voss) forest found in interior Alaska.
Introduction
Modeling the dynamics of the forests found in interior Alaska from a landscape perspective is a difficult task. The ability to predict the ecosystem growth, nutrient dynamics, and carbon dynamics of forest types found in interior Alaska has been demonstrated (Bonan 1992 (Bonan , 1993 Yarie and Rupp 1997; Yarie and Winterberger 1995; Yarie 1996; Pastor and Post 1988) for a number of different model structures. The forest types present in interior Alaska represent six primary species: white spruce (Picea glauca (Moench) Voss), black spruce (Picea mariana (Mill) BSP), birch (Betula papyrifera Marsh.), trembling aspen (Populus tremuloides Michx.), balsam poplar (Populus balsamifera L.), and black cottonwood (Populus trichocarpa Torr. & Gray). In addition, because of the frequent fire occurrence in interior Alaska the age structure of these forest types is variable.
Ecosystem function is controlled by the five state factors: climate, topography, parent material, soils, and biota. Figure 1 shows a general view of how ecosystem state factors have an effect on the function of the ecosystem. The state factors that are presented represent the broad levels of key factors that control the growth, decomposition, carbon dynamics, and disturbance of the area being modeled.
Climate is displayed from the perspective of a macro-and micro-framework. The larger arrow on the left side of Fig. 1 represents the macroclimate (regional climate) framework, while the arrow that actually goes into ecosystem dynamics and is connected to decomposition, ecosystem production, and disturbance components represents the microclimate at the individual ecosystem level. If the model is run with a small grid cell size, then the primary climate is estimated as microclimate. If the grid cell size is large, then the climate is represented by the macroclimate in that area of the state. The model to be described is a geographic model, not a single point or nonpoint computer model. The model is programed totally within ARC/INFO (ESRI 1977) , a geographic information system (GIS). As a result the model represents an explicit, defined geographic part of the landscape in which it is operating. The model will be referred to as a Spatial Alaskan Forest Ecosystem Dynamics (SAFED) model. At this point in time the geographic part of Alaska that is modeled represents the research sites that are a key part of the Long-Term Ecological Research (LTER) program that is part of the work in progress at Bonanza Creek Experimental Forest (BNZ).
The SAFED model was designed to work at various levels of spatial resolution (from less than 1 m 2 to more than 10 km) which is one advantage of incorporating it into a GIS. Primary analysis will be developed at the individual tree within a forest-stand level of landscape resolution (1-m 2 grid cell resolution) for a floodplain white spruce stand that represents one of the BNZ LTER sites. The objective of this paper is to fully describe the model and its function at the 1-m 2 resolution.
Model description

General
The model described consists of four primary components: growth, litter fall, decomposition, and a report function. An input series of routines exists that allows for the setup of the ecosystem components from the landscape perspective at any grid cell size. The model tends to follow the ideas of ecosystem process control that have been outlined by Van Cleve et al. (1991) and Jenny (1941) .
The SAFED model is primarily a process model that uses the important limiting factors, found in interior Alaska, to drive forest growth (above and below ground), forest floor and mineral soil dynamics, and litter fall (Fig. 1) . The model was written using the ARC macro language (AML) and the GRID tool box within the (ESRI 1977) . Individual routines were developed so that the cell size in GRID is not restricted when running the model. The majority of routines (production, decomposition, climate, and fire) can be applied from an individual tree (1-m 2 grid cell size) to a landscape representation (1 ha or above grid cell size). There is a small group of routines (litter fall, regeneration, and single tree mortality) that require a greater level of modeling detail if a small cell size is used.
ARC/INFO GIS
The input variables represent the important state factors that are found in Alaska (Van Cleve et al. 1991) . The primary components of the model are shown as ecosystem dynamic routines (Fig. 1) . At this point in time the disturbance components and regeneration after disturbance are not included in the model. It is anticipated that they will be added in the future. The three primary routines, ecosystem production, litter fall, and forest floor and mineral soil dynamics (decomposition), will be described.
Decomposition
The decomposition dynamics are modeled using the theoretical representation presented by Bosatta and Ågren (1985) and Bosatta (1987, 1996) . Litter quality is set for fresh litter fall as an input variable. After the first year of decomposition it changes by
where ε is a scale factor, f C is percent carbon in microbial biomass, and u(q) is microbial growth rate estimated by [2] u q u q ( ) = 0 β where u 0 is the microbial growth rate parameter, q is the carbon quality (eq. 1), and β is the growth parameter. Carbon content of the litter cohort decreases at the rate
where e(q) is microbial efficiency, and C is carbon quantity (g/m 2 ). Nitrogen content of the litter cohort decreases at the rate
where N is nitrogen quantity (g/m 2 ) and f N is microbial percent N. Microbial efficiency is [5] e q e e q ( ) = + 0 1
where e 0 and e 1 are simple coefficients. Individual yearly cohorts of the leaf, root, and branch material are maintained until the cohort biomass reaches a predetermined fraction of the original litter fall mass. At this time the decomposed cohort (leaf, branch, root, or wood) is combined with the forest floor humus layer or the mineral soil organic matter. All foliage and branch litter is placed in the forest floor humus layer. The decomposed cohort of root litter is placed with the forest floor humus layer and the mineral soil organic matter in 50% proportions.
Decomposition of humus and soil organic matter layers are handled in the same manner as the fresh litter. The humus layer and soil organic matter layer are handled as two distinct layers in the soil. There is no distinction between foliage, branch, root, and moss movement into the humus or soil organic matter layers.
Ecosystem production
The nitrogen-productivity (N-productivity) concept (Ingestad 1977 (Ingestad , 1980 (Ingestad , 1981 Ågren 1983 , 1985 ) is used to model tree, shrub, and moss growth at both the individual tree and forest stand level (Yarie 1997) . However the growth equation is set up to utilize a defined unit area of the landscape. Nitrogen productivity can be defined as the amount of annual production per unit of foliar nitrogen:
where W is plant or stand biomass, t is time, P N is the N productivity (unit production/unit nitrogen), N is the foliar nitrogen content, M is the rate of foliage mortality, and W f is foliage biomass. At steady-state nutrition (d(N/W)/dt = 0) the plant (or forest stand) growth rate is proportional to N and P N . The N productivity is at a maximum during the exponential growth phase and depends on a number of plant properties including genotypic properties, weather conditions, self-shading, and ageing. There is a decrease in N productivity because of self-shading and plant ageing (Ågren 1983) such that [7] P P bW
where P N max is the maximum N productivity (eq. 1), b is an ageing and (or) light extinction parameter, and the other parameters have been defined for eq. 6. Equation 7 has been used to calculate the N productivity of individual seedlings (Ingestad 1979a (Ingestad , 1979b Ingestad and Kahr 1985) and stands of trees (Ågren 1983) . It is also being used to calculate productivity of trees and stands within interior Alaska on a unit area basis (Yarie 1997) . In both eqs. 6 and 7 the parameters were developed for a specific geographic unit size (1 m 2 ). The structure of this portion of the model follows the following framework at the 1-m 2 level. Each individual tree, including alder present, is put into its own grid at an individual-tree level for this version of the model. The foliage biomass is determined from the diameter value of the tree and the maximum N productivity (eq. 6) is calculated. The actual N productivity is determined by reducing maximum N productivity by a value between zero and one for the light and moisture availability in that grid cell. At this point in time the value is set at a constant value in the model. For light a value of 1.00 is used for all sites, and for moisture a value of 0.6 is used for the floodplain old growth white spruce (FP4A) site. The vegetation aboveground growth is then the product of the N productivity and the total leaf nitrogen content. This amount of growth is added to the aboveground biomass. The new diameter at breast height (DBH) is calculated from the total aboveground biomass, and a value for the relative growth rate (RGR) is calculated. The RGR is used to calculate the belowground growth and biomass.
The total available nitrogen in each cell is calculated. The amount available for each tree in a grid cell is determined from a neighborhood standpoint. In the 1-m 2 cell size the neighborhood is assumed to be a 3 m × 3 m square. The potential internal recycling of nitrogen is also calculated. If demand is less than available N, then there is an increase in leaf nitrogen not to exceed 10% in one year. If demand is greater than available N, then there is a decrease in foliar content and concentration in the same manner as an increase. In the event that more than one stem is present the available nitrogen is proportioned based on the amount of root biomass that is present for an individual species (trees, alder, and moss) in each grid cell.
Litter fall
Leaf, root, and branch litter are summed for all species within a grid cell at the time of litter fall. Calculation of litter fall requires slightly different routines depending on the grid cell size that is used in the model. Foliage litter fall is based on foliage biomass and will be all foliage for deciduous trees and 10% of the foliage for coniferous trees. Leaf litter fall is spread into an area of nine × nine 1 m 2 grid cells. The grid size was based on testing the model for amount of litter fall that has been measured in the past (Van Cleve et al. 1983 ). In the event that 1 ha sizes are used, all litter fall will occur in a single cell.
Branch litter is calculated based on the information presented by Christensen (1977) . Branch litter fall is evenly placed into an area of eleven × eleven 1 m 2 grid cells. The branch litter fall area was selected as greater because of the potential size of a piece of litter. Root litter is calculated to be 1.25 times as large as the foliar litter fall. Root litter is evenly placed into an area of nine × nine 1 m 2 grid cells.
Stem wood litter fall following tree death is positioned in a random direction chosen from eight (0°, 45°, 90°, ..., 315°) potential angles from the tree base. Tree length is calculated based on standard allometric equations relating tree height to tree diameter. In stands of trees with cell sizes larger than the height of the tallest tree, litter fall occurs within an individual GRID cell. Tree death is based on a probability function so that only 2% of the trees actually reach a maximum age. Dead trees drop in a random direction for the entire length of the tree in the year of death. This results in no snags present in the stand. Foliage is lost prior to the stem dropping.
Report
The report routine is used to summarize a number of factors. Individual grids are saved at a time interval that is specified in the input files for the model. The grids are saved as a stack for an individual factor. There may be up to 15 grids in a single stack. The stack then represents the grid and any changes to it for the 15 time periods used in the model. A time period is a 1-year time step. A stack is a way of saving the information the model is producing on a yearly basis for the entire area that is being modeled. Within ARC/INFO a stack is a series of grids that represent various layers of information. Within SAFED a stack represents a time series of information on one variable from a landscape perspective. For example, a stack of information on tree DBH is maintained. This represents a series of grids that show the modeled change in tree DBH across a defined time series of the land area being modeled.
The following factors (variables) are saved in the stacks by species: tree DBH; aboveground biomass, leaf biomass, and fine-root biomass; leaf nitrogen concentration; root nitrogen concentration, aboveground and belowground nitrogen recirculation; species growth; foliage and root litter fall; foliage and root litter fall nitrogen; carbon capture by species and year; and biomass growth in the ecosystem. In addition the following ecosystem variables are saved: available nitrogen; neighborhood nitrogen; total nitrogen demand; biomass, carbon, and nitrogen in the forest floor above and below the mineral soil layer; and carbon flux in the system. Neighborhood nitrogen then represents the amount of nitrogen in a defined area within the model. The carbon flux is positive if the ecosystem builds up and negative if the carbon is returning to the atmosphere.
Climate
The climate of the area is based on a random generation of the average monthly climate, both temperature and precipitation. The actual climate calculated is the average plus or minus a randomly generated deviation. The deviation is based on the standard deviation of the 30-year climate of the area. If the modeled area falls within a single unit of the climatic state factor regions developed for Alaska (Hammond and Yarie 1996) , then the climate is constant for the modeled area. For landscape units larger than a single unit in the climate classification, the average and standard deviation for that unit are used.
Model parameterization
Decomposition
Coefficients for the decomposition equations were estimated using data within the BNZ LTER program for the floodplain mature spruce site (FP4A). The non-site-specific components are 0.5 for the carbon in microbial biomass, 3 for the growth parameter of the microbial population, 0.00704 × 110.0 for the microbial growth rate, and 2.0% for microbial N. All other parameters within the equations vary on the time scale for decomposition.
Nitrogen-productivity relationship
The N productivity of individual trees within a stand was calculated using the 1989 tree chemistry and aboveground production data set from the BNZ LTER program. A total of 239 white spruce, 21 aspen, 54 birch, and 107 balsam poplar trees were available. Because I was trying to estimate the maximum aboveground N productivity for individual trees; 37 white spruce, 12 aspen, 8 birch, and 15 balsam poplar were selected. Their production was divided into groups based on 5-cm diameter classes. Individual tree N productivity was calculated by dividing the annual aboveground production by the foliar nitrogen content.
All estimates of N productivity and foliar nitrogen content were calculated on a unit-area basis. The space occupancy of each individual tree was based on a calculation of tree density for a fully stocked stand if the diameter of the sample tree was the average diameter of the stand. The chemical analysis of the foliar material was performed as described by Yarie and Van Cleve (1996) .
Calculation of the N productivity of stands of trees was based on data sets from Van Cleve et al. (1983) and the USDA Forest Service Inventory of the Porcupine River Drainage (Setzer 1987; Yarie 1983 ). None of these stands contained any of the trees used for the individual tree calculations. The stands represented independent measurements of the nitrogen content and N productivity. Foliage quantity per unit area for each stand was calculated on a square-metre basis.
The N-productivity concept represents one approach for development of algorithms for expansion from individual tree to stand or landscape levels of estimation of primary production. A simple N-productivity equation for trees and stands of trees on a unit area basis within interior Alaska was estimated (Yarie 1997 , Fig. 1 ). This relationship can be applied to the major species within interior Alaska as a single equation at this time.
Litter fall parameters
Litter fall is calculated based on foliar biomass and species type of the tree. Deciduous trees lose all of their leaves every year. The evergreen trees (white and black spruce) lose 10% of their foliage on a yearly basis. One half of the nitrogen is assumed to be recycled within the tree prior to litter fall. Foliar biomass is reduced by one half to calculate the amount of foliar litter fall from an individual tree.
Verification
Model verification will be carried out using tree growth, forest floor, and mineral soil dynamic variables that have been measured in the Fairbanks area as part of the BNZ LTER program (see the BNZ LTER World Wide Web home page; http:// www.lter.alaska.edu). There is sufficient information available on tree growth and forest floor dynamics from the BNZ LTER FP4A site to evaluate the model behavior for moisture dynamics, carbon and nitrogen turnover, and tree growth.
Site description
The floodplain mature white spruce site was used for model verification. The mature white spruce site contains mature to overmature white spruce (150-250 years old) with a well developed feathermoss layer. There are approximately 400 trees/ha with an average diameter of 40 cm and an average height of 28 m. Alder, white birch, and old balsam poplar are present. The moss layer covers the entire stand and is primarily made up of Hylocomium splendens (Hedw.) B.S.G., Rhytidiadelphus triquetrus (Hedw.) Warnst., and Ptilium crista-castrensis (Hedw.) De Not. Because this is an old stand there is a general lowering of soil temperature.
Tree mapping
All trees (white spruce, birch, balsam poplar, and alder) within the floodplain old growth spruce site were mapped within a 45 m × 45 m research plot. The exact location to the nearest 0.1 m and diameter of each tree were surveyed and recorded. The location of the treatment plots and the control plot within the area were recorded.
Growth measurements
The diameter of all trees within the control and treatments plots (Table 1) were measured in 1989, 1992, and 1993. Diameter growth was estimated by subtracting the 1989 diameter from that of 1993. Biomass growth was estimated by calculating both plot and individual tree biomass in 1993 and subtracting the estimated biomass in 1989. Biomass was determined using equations determined for interior Alaska (J. Yarie, unpublished data). The equations used determined total aboveground and foliage biomass. Stem wood biomass was determined by subtracting foliage biomass from aboveground biomass.
Forest floor CO 2 measurements
Inverted box measurements of CO 2 flux using soda lime were measured within each of the control and treatment plots in 1990 through 1992 on a daily basis every 2 weeks. The samples were collected during 2 July through 19 September 1990, 29 May through 4 September 1991, and 27 May through 9 September 1992. This method has been described in detail in Schlentner and Van Cleve (1985) .
Forest floor chemistry
Three nutrient amendment treatments; sugar, sawdust, and nitrogen fertilizer (NH 4 NO 3 ), were applied within each site (Table 1) . The sugar and sawdust treatments were designed to increase the carbon/nitrogen ratio (C/N) of the forest floor to values typical of black spruce sites (C/N = 50). The nitrogen fertilizer treatment was designed to equal estimated yearly N mineralization in an attempt to double plant available nitrogen. The sawdust treatment was applied during midsummer of 1989 (late July and August). The sugar treatment was applied during May of 1990, prior to tree growth. The fertilizer treatment is applied on a yearly basis in May prior to tree growth.
The C/N ratio of the forest floor was determined on a yearly basis after application of sugar, sawdust, and fertilizer. Five forest floor samples were collected from each control and treatment plot at the end of the growing season. Total carbon and nitrogen concentrations were determined using a LECO CNS-2000 analyzer.
Tree foliar sampling
Foliage sampling of standing trees (white spruce, birch, balsam poplar, and alder) was conducted during the middle of the growing season of 1989 prior to treatment and then during 1990, 1991, and 1994. The first 3 years of analysis have been reported in detail .
Results
Overstory growth
The model predicted the diameter growth of individual trees with the exception of alder in the control plot. The measured average diameter growth between 1989 and 1993 was 0.5 cm for birch, 0.8 cm for spruce, and 0.58 cm for alder. The predicted growth was 0.8 for birch, 0.96 for spruce, and 0.18 for alder. The prediction and measurement comparison was based on one birch tree in the control plot, while there were 15 white spruce trees within the plot. The diameter range of the white spruce was from 5.8 to 35.5 cm at breast height in 1993. In the case of alder the model predicted less growth than was observed.
The model predicted the aboveground production in the control plot. The measured aboveground productivity was 0.27 kg/m 2 while the model predicted 0.31 kg/m 2 per year. This higher level of production could be related to a slightly larger predicted diameter growth for white spruce by the model compared to that measured in the control plot on the site.
Litter fall
The difference between the modeled estimate (157 g/m 2 ) of litter fall compared with the measured values (383 g/m 2 ) was relatively high in the control plot. Potential differences between the modeled and measured litter fall is the result of a number of factors. First there were only three litter traps in each stand, while the model is estimating litter fall in every square metre of the site (Fig. 2) . It can be seen that the modeled estimate of litter fall would be possible depending on where the litter fall traps were located in the plot. The other factor is the location of the individual trees throughout the plot (Fig. 2) . It can be seen that the majority of the trees are located in the lower part of the plot. This will have an effect on the distribution of litter fall within the plot. The largest amount of litter will occur in the lower quarter of the plot.
Litter decomposition
The model was able to predict litter decomposition for the foliage present when compared with litter bag decomposition Can. J. For. Res. Vol. 30, 2000 Site and treatment chemistry Table 1 . Treatment levels present in the floodplain white spruce site (FP4A) successional research sites. (Fig. 3) on the site. In both cases, the model and litter bag data were based on a mixture of the tree foliage litter fall found on the site. The exact mixture of the litter fall in the modeled version was dependent on the distribution of foliage litter fall around each tree in the plot. The litter that was used in the litter bags was dependent on what was collected in the field and placed in the litter bags. The model also calculated the decomposition of moss litter, tree, branch litter, and stemwood litter if a large tree dies and falls to the ground.
Available nitrogen
The modeled available nitrogen in the forest floor and mineral soil resulted in differences compared with field esti- 
Carbon flux
The average flux of carbon for the modeled stand ranged from -16 to 34 g/m 2 for a single year. The range of a yearly carbon flux within the modeled plot (225, 1-m 2 plots) was from -308 to 3550 g/m 2 per year. Carbon capture was estimated as an average value for the entire control plot. Within a modeled stand these values represent one of the best estimates of carbon capture for the boreal forest because of the inclusion of moss in the understory and the inclusion of root growth for the trees present in the research areas. 
Treatment effects
One of the key components of the carbon and fertilizer addition experiment that can be looked at in both the model and the research sites is the C/N ratio of the forest floor over a number of years (Table 2 , Fig. 4) . In general the model was able to predict the C/N ratio found on the control plots fairly accurately. The control plot was able to show some of the variation in the forest floor for the samples collected over a number of years.
The effects of the treatments (sugar, sawdust, and fertilizer) on the forest floor C/N ratio were simulated. The C/N values were predicted at the end of a number of years after treatment application. The measured C/N values under sawdust and sugar tended to be lower in the field plot than in the modeled plot (Table 2 ). In addition there was a decrease in the C/N ratio of the sawdust plot in the field (Table 2) . The modeled control plot was also a little higher than the measured field values. The fertilized plot tended to follow the control plot in both the field measured and the modeled plot.
Discussion
Tree growth
The growth of individual trees was predicted in this model. The one species that showed the largest discrepancies was alder. Alder may require specific data to be added to the N-productivity curve (Yarie 1997 ) that was used in this model. At this time there were no alder components in the development of the initial N-productivity curve. In addition, because of the species' ability to fix nitrogen a separate growth function may be required.
Decomposition
Within the model, although the foliar material represented the individual species, each species litter was mixed to form a separate cohort on a yearly basis until only 45% of the original leaf mass was remaining. For the root, branch, and moss groups the percentages were set at 48, 50, and 45%, respectively. After that time period the cohort was transferred to the humus layer. In the white spruce stand, four leaf (Fig. 3) , eight moss, three root, and nine branch cohorts were maintained prior to transfer to the humus layer. The comparison of modeled foliar litter decomposition with litter bag values was in fairly good agreement. Unfortunately, at this time, large root material is not used.
Branch decomposition was modeled to be a little faster than that currently being measured in the floodplain white spruce site. Currently the 10-year average percent mass remaining for a set of branch material is 70% of the initial mass (J. Yarie, unpublished data). The range for the measured field values is 62-78%. Branch decomposition parameters within the model may have to be reset and the initial quality variable lowered. This would lower the decomposition rate and result in a higher number of branch cohorts prior to movement into the humus layer.
The small root litter cohorts become a part of the humus layer at the fastest rate (3 years) primarily resulting from the high quality value for fine-root litter. At this time we do not have any root decomposition data that can be used for comparison to the model.
Within the model the available nitrogen calculation is the result of estimated net N mineralization of all the litter types including roots. Available nitrogen is simply the result of adding together the N mineralization within the forest floor, humus, and mineral soil litter layer material. Within the floodplain, old-growth white spruce site we find an average net mineralization of 1.22 and 1.07 g/m 2 of N during the first 2 years of decomposition within the model. The modeled numbers and the calculated numbers based on field samples do not always match closely. The field value represents a portion of the total organic matter decomposition that is occurring in the field. The model also estimates decomposition of a higher number of material types than is being measured in the field.
Treatment effects
At this point in time the SAFED model does appear able to estimate the effects of the carbon and fertilizer treatments. It was these treatments that appeared to cause trouble for both the CENTURY and LINKAGES models . Within the floodplain old-growth white spruce research area if we look at a number of years after sugar, sawdust, and fertilizer treatments, we can see the predicted change in available nitrogen (Fig. 5 ) and the general forest floor C/N ratio (Fig. 4) . Both CENTURY and LINKAGES failed to predict any changes as a result of sugar and sawdust addition. Within the SAFED model we can see a major increase in the C/N ratio as a result of sawdust treatment and a smaller decrease in C/N ratio as a result of the fertilizer treatment. There is also an increase in the C/N ratio as a result of the sugar treatment, but this effect disappears in a shorter time period than predicted for the sawdust treatment (Fig. 4) .
The model predicted a higher C/N value for the control plot forest floor than measured in the field over a number of years (Table 2) . The model shows the reduction in the C/N ratio that resulted after the sugar treatment; but the reduction in C appeared to occur faster in the field than was predicted by the model (Table 2) . The model predictions support the hypotheses that the C/N ratio would change as a result of the sawdust treatment. The field-measured values actually dropped faster than predicted. This may have resulted from smaller than required amounts of carbon being added. It could also be expected that the model and the field values would be very close if the model treatment plots started at the same level as indicated for the field treatment plots.
The fertilizer treatment showed very little change in the forest floor C/N ratio in the model. This was a result of the vegetation taking up the added nitrogen before it was part of the forest floor (Fig. 4) . In the field fertilization did lower the C/N ratio of the measured FP4A site. However, there is an indication that the vegetation did not take up all of the added nitrogen at the site simply because of the number of trees on the plot. The moss layer could have also taken up the fertilizer in competition with the trees due to the application method. Moss will have an opportunity to take up just a small portion of that pool in the model.
Carbon dynamics
The control plot estimates of carbon respiration were in the range of 1.4 down to 0.9 kg/m 2 (Table 3) . Modeled values ranged from 0.14 down to 0.12 kg C/m 2 . It has been suggested that root respiration from the soil is a large portion of that estimated in the field (Ruess et al. 1996) , so it is assumed that the carbon dynamics estimated by the model are close to the actual values that could be found in the field if it was possible to separate root respiration from decomposition.
The model predicted a higher respiration due to sugar treatment than was estimated in the field (Table 3 ). In 1992 there was a decrease in respiration predicted by the model which was higher than that measured in the field. Sawdust showed less change in respiration in both the field and the model than the control value. The model did an adequate job of handling the sawdust decomposition. Finally, fertilizer resulted in relatively no change in respiration rates from either the field measured values or the modeled values. Because of the low rates of fertilizer application this field measurement should have been extended over a number of years.
Geographic representation
One of the key aspects of this model is that it was programed totally within the ARC/INFO GIS language as a series of macro routines. The macro routines represent programs that were put together in a similar manner to the use of Fortran or C computer languages. For example, the SAFED model has a main, decomposition, litter fall, growth, climate, and report series of routines. Each routine is based on the equations described in this paper. This representation should then result in an accurate calculation of the dynamics that are occurring on the site and within each of the specific treatment plots.
Within ARC/INFO the tree locations and their predicted growth within the control plot could be plotted. The difference between DBH at year 1 and year 15 that represents growth could be plotted. If mortality was a factor, then the tree would not be present, or it could be given another special color that would represent mortality in that time period. This type of figure represents a specific function of the plot that is being monitored.
We can look at the distribution of litter fall across the site (Fig. 2 ). In this model we have not included the movement of litter due to wind. All litter fall is placed around each tree at a predetermined distance. Foliage litter fall from an individual tree will occupy 81 m 2 around the tree with the tree in the center of the area. Root and branch litter will both occupy 121 m 2 with the tree at the center. From this perspective we can then calculate a general contour map of the distribution of litter within the area (Fig. 2) . In the case of the areas in which there was a difference between modeled values and field measurements, it can be implied that the differences were due to tree distribution, litter trap placement, or some other factor that may have occurred in each stand.
Figures 4 and 5 present the yearly changes in the treatment effects for forest floor C/N ratio and available nitrogen predictions, respectively. The model will calculate the effect of each treatment within one run of the model. We do need to indicate where we have placed the treatment and in which year the treatment was applied. In the case of both sugar and sawdust the treatment was applied in year 2. In the case of fertilization we applied the treatment on a yearly basis (from years 2-10 in the model). All three treatments and the control were modeled in a single model run.
Predictions of carbon dynamics for the research area can be examined over a number of years (Fig. 6 ). These maps are three dimensional representations of the carbon flux at three times during the model run for the mature spruce site. It is obvious that, when the sugar was added, there was a change in the carbon dynamics within the treatment. The floodplain old-growth spruce site (Fig. 6 ) displays carbon capture in the control, sawdust, and fertilizer plots and carbon release into the atmosphere in the sugar-treatment plot. Carbon release occurs in year 2 at the start of the fertilizer application (-15.38 . The sawdust treatment showed a smaller carbon gain than the control and was negative only in year 2 (-0.89 g/m 2 average for the entire plot). (Fig. 6, Table 3 ). Table 3 . A comparison of the C respiration in the floodplain treatment plots and the SAFED model predictions.
The next step for this model will be further validation by including runs encompassing a larger number of vegetation types. This will extend and validate the model across a broader portion of the landscape. 
